Determination of the crystal structure of the ternary complex formed between elongation factor Tu:GTP and aminoacylated tRNA revealed three regions of interaction between elongation factor Tu and tRNA. The structure indicates that the conserved glutamic acid at position 271 in Thermus aquaticus EF-Tu could be involved in the binding of the 3Ј CCA-Phe end of the aminoacylated tRNA. Therefore, the corresponding residue, Glu259, of Escherichia coli EF-Tu was mutated into alanine, aspartic acid, glutamine and tyrosine, in order to substantiate the crystallographic structural evidence and to obtain further knowledge of the importance of this residue. All of the mutated proteins showed nucleotide binding properties similar to the wild type. In addition the GTPase activities were similar to the wild type. The mutation of Glu259 to either alanine or aspartic acid resulted in a reduced strength of interaction with tRNA, while mutation to tyrosine abolished completely the interaction with tRNA. Finally, mutation to glutamine resulted in an elongation factor Tu variant behaving like the wild type. In conclusion, the environment around the site binding the CCA-Phe end of the tRNA is very restricted spatially and chemically so that only a residue with almost the same size and chemical properties as glutamic acid fulfils the requirements with regard to size, salt bridge-formation potential and maintenance of the backbone conformation at the 259 position.
Introduction
Elongation factor Tu (EF-Tu) is one of the components in the elongation cycle of prokaryotic protein biosynthesis. EF-Tu is a G-protein, which in its active GTP-bound conformation serves as the carrier of aminoacylated tRNA (aa-tRNA) to the A-site of a mRNA-programmed ribosome. Upon codonanticodon interaction GTP hydrolysis is triggered and EF-Tu is converted into its inactive GDP-form, which has a low affinity for both the ribosome and the aa-tRNA. Therefore it dissociates from the ribosome leaving the aa-tRNA on the ribosome. Interaction with elongation factor, EF-Ts, reactivates EF-Tu, as EF-Ts catalyses the exchange of GDP for GTP (for a review see Kjeldgaard et al., 1996) . EF-Tu also plays a role in the proofreading mechanism ensuring the incorporation of the correct amino acid into the nascent polypeptide chain (Hopfield, 1974; Ninio, 1975; Thompson and Stone, 1977; Ruusala et al., 1982) .
The following structures of EF-Tu in different complexes are known from X-ray crystallographic/structural studies: EFTu:GDP (la Cour et al., 1985; Clark et al., 1990; Kjeldgaard and Nyborg, 1992; Abel et al., 1996; Polekhina et al., 1996) , EF-Tu:GDPNP (Berchtold et al., 1993; Kjeldgaard et al., 1993) , EF-Tu:EF-Ts (Kawashima et al., 1996) and the ternary complex EF-Tu:GDPNP:aa-tRNA (Nissen et al., 1995; Nissen et al., 1996) . From comparisons of the solved structures and sequenced EF-Tu genes (Seidler et al., 1987; Satoh et al., 1991; Voss et al., 1992) , it seems that the EF-Tu protein is highly conserved throughout the prokaryotic kingdom. Only a few differences are found when comparing the primary structures of various species. The main difference is the thermophilic loop found in thermophilic bacteria, e.g. Thermus aquaticus (Voss et al., 1992) , compared with the non-thermophilic bacteria. Thus, the solved structure of one species is an excellent model for other species.
EF-Tu is a highly dynamic molecule. The GDP-form has an open structure with a 'hole' in the middle, whereas the GTP-form is more compact with a globular shape. These structural changes give the molecule the ability to display different surfaces for interaction with several factors through the elongation cycle.
The determination of the crystal structure of the ternary complex, Phe-tRNA Phe :EF-Tu:GDPNP, formed between PhetRNA Phe from yeast and EF-Tu from T.aquaticus (Nissen et al., 1995) (Figure 1 ) showed that EF-Tu interacts with the PhetRNA Phe molecule at three main sites: the 3Ј CCA-Phe end and the 5Ј phosphate end of the tRNA molecule and one side of the T-stem. All three domains of EF-Tu are involved in these interactions. The 3Ј CCA-end is bound in a cleft between domains 1 and 2, where several conserved residues are present. The pocket into which the attached amino acid is docked is lined with the side chains of Phe229(Phe218 in E.coli; in the following, the numbers in brackets refer to E.coli EF-Tu), Asp227(Asp216), Glu226(Glu215) and Thr239(Thr228). The pocket is large enough to accommodate any of the 20 naturally occurring amino acids. In the case of Phe-tRNA Phe the phenyl ring is stacked on the aromatic side chain of His67(His66). The amino ester group is recognized by main chain atoms of EF-Tu. The NH-part of the amino ester can form hydrogen bonds to the main chain COs of Asn285(Asn273) and Glu271 (Glu259), and the main chain NH of His273(Phe261). The carbonyl oxygen of the amino ester can form a hydrogen bond with the main chain NH of residue Arg274(Arg262). The amino acid is attached to the 3Ј-OH of the terminal ribose while the 2Ј-OH can make a hydrogen bond with the side chain of the conserved Glu271(Glu259). The phosphate between A76 and C75 interacts with the side chain of Arg274(Arg262), and the two phosphates of C75 and C74 make ionic contacts to Lys52(Asn51). The three bases of A73, C74 and C75 stack in continuation of the acceptor helix and point away from EFTu as previously detected biochemically . The pocket for the 3Ј terminal adenine is formed by two Fig. 1 . The structure of the ternary complex, EF-Tu:GTP:Phe-tRNA Phe . The structure comprises EF-Tu from Thermus aquaticus and Phe-tRNA Phe from yeast. The residue Glu271 in T.aquaticus EF-Tu corresponds to Glu259 in E.coli EF-Tu. Glu271 is situated in a loop connecting two β-strands in domain 2 of EF-Tu, the Glu side chain stacks to one side of the 3Ј terminal adenine of aa-tRNA. The figure was produced with RasMol v2.6β written by Roger Sayle.
β-strand-connecting loops of domain 2 (residues 229-236 and 272-277 connecting β-strands a 2 with b 2 and d 2 with e 2 , respectively). The conserved residue Glu271(Glu259) stacks to the adenine on one side and on the other side a hydrophobic platform is made of the conserved residues Val237(Val226) and Ile231(Ile220) together with Leu289(Leu277) (Nissen et al., 1995) .
The structure of the ternary complex has been solved to 2.7 Å resolution. This is comparable with the length of hydrogen bonds. Indications of hydrogen bond formation in the structure are therefore only for guidance at present. The solved crystal structure is a stationary structure and possible movements in solution are not observed. Some proteins require the conditions of an aqueous solution to perform their biochemical tasks and water molecules not seen in the crystal structure can be important for the functionality. Thus, both crystal structure analysis and biochemical solution experiments are important to clarify the function of proteins in terms of structure. In the crystals there exist packaging contacts not found in solution, so biochemical experiments should be used to confirm that the proteins in solution behave as the structure suggests, especially if the regions in question are on the surface of the protein.
In this study we investigate the importance of the conserved residue Glu271 by mutation of the corresponding residue in E.coli EF-Tu, Glu259, to alanine, aspartate, tyrosine or glutamine-giving rise to the mutants E259A, E259D, E259Y and E259Q, respectively. The mutants have been characterized by application of different in vitro assays to examine their binding of guanine nucleotides and aa-tRNA, their intrinsic GTPase activity and their ability to translate a poly(U)-messenger into poly(Phe). The results of the characterizations are compared with the structural observations in order to establish meaningful structure-function relations.
Materials and methods

Construction of the mutants
Site-directed mutagenesis was performed on single-stranded DNA using the phosphorothioate method according to Taylor et al. (1985) . The template was M13mp11FXtufA, a M13mp11 vector containing the nucleotide sequence encoding the recognition site for the protease blood clotting factor Xa (FXa) upstream of the tufA gene (Knudsen et al., 1992) . The oligonucleotides used as mutagenic primers were 5Ј-CTGGCGTTCAGAT-GTTCCG-3Ј, 5Ј-CTGGCGTTGACATGTTCCG-3Ј, 5Ј-CTGG-CGTTGCAATGTTCCG-3Ј and 5Ј-CTGGCGTTTACATGTT-CCG-3Ј, leading to a mutation to glutamine, aspartate, alanine and tyrosine, respectively, at position 259. The mutations were verified by Sanger dideoxy sequencing of the ssDNA (Sanger et al., 1977) . BamHI fragments were subcloned into the expression vector pGEX-1 downstream of the IPTG-inducible tac promoter and downstream of a glutathione-S-transferase (GST) gene (Knudsen et al., 1992) . Ampicillin resistance was used as a selectable marker. dsDNA sequencing (Sambrook et al., 1989) was performed to double check the mutations.
All mutagenesis work was carried out in E.coli strain TG1, but transformation to the recA -E.coli strain JM109 (Sambrook et al., 1989) was performed prior to expression. Expression and purification EF-Tu was expressed together with glutathione-S-transferase (GST) as a fusion protein with the recognition sequence for the blood clotting factor Xa (FXa) inserted between the two parts . After cleavage with FXa, the liberated EF-Tu has the same number of amino acids as EFTu in living cells, but without any modifications at the Nterminal end. The EF-Tu produced in vivo has an acetylated N-terminal amino acid (Arai et al., 1980 (Miller and Weissbach, 1977) . EF-Tu (0.1 µM) was incubated with 1 µM [ 3 H]GDP (850 d.p.m./pmol) in GDP-exchange buffer (50 mM Tris-HCl pH 7.6, 10 mM MgCl 2 , 100 mM NH 4 Cl, 1 mM DTT, 50 mM KCl) at 30°C for 25 min and then filtered through cellulose acetate filters. Protein concentrations mentioned later are referring to this concentration of active protein.
Conversion of EF-Tu:GDP to EF-Tu:GTP
In order to convert the EF-Tu:GDP form to the GTP form, 0.3 µM EF-Tu:GDP was incubated with 1 µM [ 3 H]GTP (650 d.p.m./pmol), 273 µM phosphoenolpyruvate (PEP) and 0.1 µg/µl pyruvate kinase (PK) in GDP-exchange buffer on ice. The GTP-mix (50 µM) had been preincubated with 0.65 µM PEP and 0.106 µg/µl PK at room temperature for 15 min to convert traces of GDP to GTP. The time needed to reach equilibrium was determined individually for each mutant as well as for the wild type.
Temperature stability
The heat stabilities of both EF-Tu:GDP and EF-Tu:GTP were determined as described by (Andersen and Wiborg, 1994) .
Interactions with guanine nucleotides
The apparent dissociation rate constants, k -1 , for both EFTu:GDP and EF-Tu:GTP were determined as described by . The apparent association rate constants, k ϩ1 , were determined essentially as described by , with the exception that 10-15 pmol nucleotidefree EF-Tu was mixed with 40 pmol [ 3 H]GDP or 150 pmol [ 3 H]GTP. Under these conditions a pseudo first-order reaction with the apparent association rate constant, k ϩ1 , is obtained. The data were analysed according to Fasano et al. (1978) . The dissociation constant, K d , was calculated according to the equation
EF-Tu was made nucleotide free by using a 2% charcoal solution as described by . At least 2% of the nucleotide should be retained to maintain the activity of the protein (Fasano et al., 1982) , whereas the retention of more than 5% nucleotide will affect the reliability of the assay.
GTPase activity
The GTPase activity was determined by measuring the liberation of inorganic phosphate from [γ-32 P]GTP (Parmeggiani and Sander, 1981) . The assay was performed as described by .
K m and k cat are determined from Hanes plots, which represent the substrate concentration (M) divided by the initial rate (s -1 ) versus the substrate concentration (M). The slope gives 1/k cat and the interception with the ordinate gives K m /k cat . Charging of tRNA tRNA Phe was aminoacylated by incubation of 40 µM yeast tRNA-Phe, 200 µM [ 14 C]Phe (300 d.p.m./pmol) and 5 µl crudely purified synthetase from Saccharomyces cerevisiae per 100 µl reaction in charging buffer (100 mM Tris-HCl pH 7.6, 12 mM MgCl 2 , 50 mM NH 4 Cl, 2 mM ATP, 0.24 mM CTP and 0.4 mM DTT) for 13 min at 37°C.
The synthetase was purified crudely from S.cerevisiae according to von der Haar (1979) .
For the non-enzymatic hydrolysis assay, the synthetase was removed by phenol and phenol/chloroform extraction, and the charged tRNA was precipitated and dissolved in PP-6 buffer (60 mM Tris-HCl pH 7.6, 6 mM MgCl 2 , 30 mM NH 4 Cl and 30 mM KCl).
For the poly(Phe) assay, charging was done by incubation of 100 µM yeast tRNA-Phe with 400 µM [ 14 C]Phe.
The apparent dissociation rate constant, k -1 , for the ternary complex Determination of k -1 for the ternary complex was done by the ribonuclease A (RNaseA) hydrolysis protection assay as described by Louie and Jurnak (1985) .
EF-Tu:GTP (2 µM) and 0.7 µM [ 14 C]Phe-tRNA Phe were mixed and left on ice for 30 min to form the ternary complex. Then RNase A was added to a final concentration of 10 µg/ml, and aliquots were withdrawn into 10% ice-cold TCA.
The dissociation follows first-order kinetics, thus k -1 can be determined as the slope in a plot of ln(c t /c 0 ) versus time, where c t is the concentration of ternary complex at time t and c 0 is the initial concentration. Non-enzymatic hydrolysis protection assay Protection of the aminoacyl bond by EF-Tu in the ternary complex has previously been described by Pingoud and Urbanke (1979) . The non-enzymatic protection assay was carried out according to Andersen and Wiborg (1994) . The ternary complex was formed by incubation of 1 µM EF-Tu: GTP with 0.3 µM [ 14 C]Phe-tRNA Phe on ice for 30 min. At time zero, the samples were transferred to 20°C, and aliquots were withdrawn at various times, precipitated in 10% ice-cold TCA and filtered.
The half-life of the ternary complex can be determined from a plot of ln(c t /c 0 ) versus time.
Poly(Phe) synthesis
The mutants' abilities to carry out in vitro translation were determined as poly(U) directed poly(Phe) synthesis in the polymix system as described by Ehrenberg et al. (1988) , but under the following conditions.
The ribosome mix and the factor mix were prepared and incubated separately at 30°C for 15 min. At time zero, equal volumes were mixed, and samples were withdrawn at appropriate time intervals and precipitated in 10% TCA, boiled at 80°C for 30 min, then cooled on ice, filtered and counted. The ribosome mix contained 5 mM K-phosphate, pH 7.3, 1 mM DTT, 4 µM ribosomes, 2.6 µg/µl poly(U) and 1.7 µM Phe-tRNA Phe (92 d.p.m./pmol) in the polymix buffer (5 mM Mg-acetate, 0.5 mM CaCl 2 , 95 mM KCl, 5 mM NH 4 Cl, 8 mM putrescine and 1 mM spermidine, pH 7.5). The factor mix contained 5 mM K-phosphate, 1 mM DTT, 2 mM ATP, 20 mM PEP, 100 µM GTP, 0.1 µg/µl pyruvate kinase, 0.006 µg/µl myokinase, 14.6 µM Phe-tRNA Phe (92 d.p.m./pmol), 1 µM EF-G, 8 µM EF-Ts and 40 nM EF-Tu in the polymix buffer.
Native polyacrylamide gel electrophoresis (PAGE) of the ternary complex
The method has been described by Alexander et al. (1995) . 100 pmol EF-Tu:GTP was complexed with increasing amounts (0-400 pmol) of Phe-tRNA Phe . The gels used were 5% polyacrylamide (19:1) gels at pH 6.8 (50 mM Tris-HCl, pH 6.8, 10 mM Mg-acetate, 65 mM NH 4 -acetate, 5 mM EDTA, 10 µM GTP and 1 mM DTT) and run at 4°C. The gels were stained with Coomassie blue.
An apparent dissociation constant, K d , for the ternary complex was determined based on the amount of Phe-tRNA Phe needed to convert 50% EF-Tu:GTP to ternary complex under the conditions used.
Purification of ribosomes
The procedure for purification of ribosomes was based on a protocol from Rodnina and Wintermeyer (1995) . Escherichia coli MRE600 cells were grown to A 600 1.2-1.5 in 2ϫTY. The cells (10 g) were harvested, frozen and resuspended in a minimal amount of buffer 1 (20 mM Tris-HCl, pH 7.6, 10.5 mM MgCl 2 , 100 mM NH 4 Cl, 0.5 mM EDTA and 1 mM DTT). Then they were opened by passage through a French press twice. The cell slurry was incubated with 5 µg DNase I per gram of cells for 20 min on ice. The opened cells were then centrifuged for 30 min at 9000 r.p.m. to remove cell debris, and ultracentrifuged for 1 h at 16 000 r.p.m. The supernatant was layered on a 9 ml 30% sucrose cushion in buffer 2 (as buffer 1 except that the NH 4 Cl concentration should be 750 mM), and centrifuged for 16 h at 33 000 r.p.m. The pellets were carefully resuspended in 1 ml buffer 2. This was then layered on a 5 ml sucrose cushion and centrifuged for 6 h at 50 000 r.p.m. The pellets were carefully resuspended in 1 ml buffer 2. Again it was layered on a 5 ml sucrose cushion and centrifuged for 13 h at 33 000 r.p.m. Finally, the pellets were dissolved in 1 ml buffer 3 (10 mM Tris-HCl, pH 7.6, 10 mM MgCl 2 , 30 mM NH 4 Cl, 1 mM DTT and 10% glycerol) and stored at -80°C. The concentration was determined by measuring A 260 (1 A ϭ 24 pmol).
The NH 4 Cl concentration in buffer 2 was optimized to give a minimal contamination of EF-Tu and a maximum of ribosome activity in the final ribosome preparation to be used in a poly(Phe) assay.
Results
Protein purification, activity and temperature stability
The yield of purified protein was in the order 0.5-1 mg/g wet cells. The purity of the protein preparations were above 95% as determined by Coomassie blue stained SDS-PAGE (not shown). The activities determined from GDP-binding assays were between 50-95%. The irreversible heat denaturation profiles were determined for both EF-Tu:GDP and EF-Tu:GTP (data not shown). The temperatures at which 50% of the active protein had been inactivated were 46-47°C and 34-40°C for the GDP-and the GTP-forms, respectively. The time required to reach equilibrium for the exchange of bound, unlabelled GDP with [ 3 H]GDP on ice was 40 min except for the E259Q and E259A mutants, which showed a faster exchange and needed around 20 min. For the exchange of GDP with [ 3 H]GTP on ice, the time required to reach equilibrium was around 60-70 min for all mutants as well as the wild type. A maximum temperature of 30°C was used in the assays.
Guanine nucleotide interactions
The apparent dissociation rate constants, k -1 , and the apparent association rate constants, k ϩ1 , were determined for both the GDP and the GTP complexes of all mutants as well as the wild-type EF-Tu. The results obtained are summarized in Table I together with the calculated K d s.
When the error spreads are taken into consideration all of the apparent rate constants are only slightly affected by the mutations, hence the mutants show no essential effects with regard to the nucleotide binding.
The GTPase activity K m and k cat values of the intrinsic GTPase activity were determined from Hanes plots (Table II) . A one-round system was used to measure the initial rates (starting with EF-Tu:GTP), so less than 1 pmol GTP was hydrolysed per pmol EF-Tu. There are no considerable differences between the mutants and the wild type.
The ternary complex EF-Tu:GTP:Phe-tRNA Phe
The apparent dissociation rate constants, k -1 , of the ternary complexes were measured using the RNase A protection assay. The results are presented in Figure 2 and Table III . PhetRNA Phe in complex with the mutant E259Q shows the same resistance towards digestion with RNase A as the wild-type protein does. The mutants E259D and E259A show reductions in their protection ability that are almost similar. The mutant E259Y gives no protection against the digestion; the result is the same as if there is no EF-Tu species present (blank sample).
The ability of EF-Tu to protect the labile aminoacyl bond from spontaneous non-enzymatic hydrolysis was determined. The results are given in Figure 3 and the half-lives (T 1/2 ) are listed in Table III . The overall picture is the same as obtained in the RNase A protection assay. The mutant E259Q coincides with the wild type, E259D with E259A, and E259Y with the blank sample.
The apparent dissociation constants, K d , of the ternary complexes were estimated on the basis of native PAGE. From an estimation of the concentration of Phe-tRNA Phe at which 50% of EF-Tu participates in formation of the ternary complex, the K d is calculated (Table III ). The E259Q mutant shows only a slightly reduced affinity for Phe-tRNA Phe compared with the wild type. E259D has a more reduced affinity. The native PAGE of E259A gives blurred bands but there are clearly bands both at the EF-Tu level and at the ternary complex level, so this ternary complex is clearly formed, but is probably unstable under the conditions used in the gels-only an approximate K d is therefore estimated for E259A. The attempt of formation of a ternary complex with E259Y was unsuccessful. The mutant E259Y does not bind Phe-tRNA Phe at all even if the Phe-tRNA Phe /EF-Tu:GTP ratio was increased to 8 (not shown). The gels of the wild type and E259Y EF-Tus are shown in Figure 4 .
In vitro translation assay
The mutants' abilities to sustain poly(Phe) synthesis on poly(U)-programmed ribosomes were measured. The system was optimized to make EF-Tu the rate-limiting factor. It was tested both with ( Figure 5 ) and without EF-Ts (not shown). Under these conditions, only E259Y shows significant deviation from the wild type. For E259A, E259D, E259Q and wild type the initial incorporation rates after subtraction of the background were of the order 22-28 pmol Phe per pmol EFTu per min in the presence of EF-Ts. EF-Ts stimulated these three mutants to the same degree as the wild type. Thus these mutants interact in the same manner with EF-Ts as the wild type. No stimulation could be observed for mutant E259Y as the rate-limiting step for this mutant was the formation of ternary complex.
Discussion
The aim of this study was to investigate atomic details of the interaction between EF-Tu:GTP and tRNA by combination of structural and biochemical studies. The residue Glu259 in E.coli EF-Tu is suspected to be a key residue in the interaction with the 3Ј CCA-Phe end of the tRNA. To elucidate its importance it was mutated to alanine, aspartate, glutamine and tyrosine.
All the mutant proteins showed thermal stabilities similar to that of wild type. Also the interactions with the guanine nucleotides, as well as the GTPase activities, were unchanged. Mutation of Glu259 shows that it plays no direct role in Table I . Apparent association and dissociation rate constants for nucleotide interactions determined at 0°C The values are determined as the slopes of plots with correlation coefficients above 0.94 and 0.95 for the GDP association and dissociation, respectively, and 0.92 and 0.91 for the GTP association and dissociation, respectively. Standard derivations are given. K d values are calculated as the ratio k -1 /k ϩ1 . The assays were carried out under single-turnover conditions. The values are determined from Hanes plots with correlation coefficient above 0.96. Standard derivations are given. Table III. nucleotide interactions, and there are no structural disturbances throughout the molecule affecting the three-dimensional structure of EF-Tu. On the other hand, the aa-tRNA binding was affected by the mutations. The two mutants E259A and E259D showed reduced ability to protect the tRNA in the RNase A protection assay as well as in the non-enzymatic hydrolysis assay ( Figure  2 and 3, and Table III ). The mutant E259Y does not bind the tRNA at all. Both in the RNase A protection assay and the non-enzymatic assay it follows the blank sample in which no k -1 was determined using the RNase A protection assay at 0°C, whereas T 1/2 was measured using the non-enzymatic hydrolysis assay at 20°C. The values are calculated from the plots shown in Figures 2 and 3 , all with correlation coefficients above 0.97. Standard derivations are given. The apparent dissociation constant for dissociation of aa-tRNA from the ternary complex, K d , was estimated from native polyacrylamide gels like those shown in Figure 4 . Fig. 3 . Protection of the amino acyl bond against non-enzymatic hydrolysis. Symbols: (u) wild type EF-Tu; (,) E259A; (d) E259D; (j) E259Q; (n) E259Y; (s) free Phe-tRNA Phe . c 0 and c t denote the concentrations of ternary complex initially and at time t, respectively. The half-lives, T 1/2 , are listed in Table III. EF-Tu is present. However, the proof of absolutely no binding is found in the native PAGE, where there is no indication of any interaction with the tRNA at all. Only the mutant E259Q coincides with the wild-type EF-Tu in the aa-tRNA binding. When these results are compared with the crystal structure of the ternary complex (Nissen et al., 1995 , we find (0, 25, 50, 75, 100, 200, 400 pmol) , and the band-shift was used to estimate an apparent K d for the ternary complex. The upper band is EF-Tu:GTP while the lower is the ternary complex, EF-Tu:GTP:Phe-tRNA Phe . The gels of the remaining three mutants are not shown, but the estimated K d values are given in Table III . 6 . The structure around the residue Glu271 in T.aquaticus EF-Tu in the ternary complex. The Glu271 (corresponding to Glu259 in E.coli) side chain stacks to one side of the A76. One of the carboxylate oxygens of Glu271(Glu259) can make a hydrogen bond to the 2ЈOH-group of the terminal ribose. The nitrogen of the amino ester group can make hydrogen bonds to the main chain oxygens of Glu271(Glu259) and Asn285(Asn273), and the main chain nitrogen of His273(Phe261). Finally, the carbonyl oxygen of the amino ester can form a hydrogen bond with the main chain NH of Arg274(Arg262).
good agreement. At the 3Ј end of the tRNA, the aminoacylation favours the last base (A76) of the molecule to be unstacked. This makes it fit into a mainly hydrophobic pocket in the EF-Tu, formed by the conserved residues Ile231(Ile219), Val237(Val225) and Leu289(Leu277) on one side of the adenine and the conserved Glu271(Glu259) on the other side. This A76 is the only base in the tRNA that is observed to have specific interactions with EF-Tu. The amino acid itself is docked into another pocket, which is large enough to accommodate any of the 20 amino acids that are to be incorporated into proteins.
A key residue in EF-Tu in this interaction is Glu271 in the Thermus aquaticus EF-Tu (Glu259 in E.coli) (Figure 6 ). The side chain of this residue stacks on one side of A76 with an antiparallel alignment of their respective dipole moments. Furthermore, it makes a hydrogen bond to the 2Ј OH group of the terminal ribose, and finally its main-chain carbonylgroup makes a hydrogen bond to the amino acid ester. This amino group of the amino acid on the tRNA is also coordinated to the main chain carbonyl of Asn285(Asn273) and the main chain nitrogen of His273 (His261). These coordinations to the amino group on the tRNA make up an almost perfect tetrahedron. The carbonyl oxygen of the amino acid ester can form a hydrogen bond with the main chain NH of residue Arg274(Arg262), of which the side chain interacts with the phosphate of A76.
Removal of any parts of the side chain of residue 259 as in the case of E259A gives more space in the pocket and A76 might become more flexible, which can account for the weaker tRNA binding. Introduction of alanine is supposed to maintain the backbone conformation of EF-Tu, but if A76 becomes more flexible its motion might progress further into the tRNA molecule. Thus the tetrahedral coordination of the amino acid ester is disturbed and the ability to form a hydrogen bond to the 2ЈOH group is lost.
A shortening of the side chain but maintenance of functionality is achieved with the mutation E259D. As aspartate is a CH 2 -group shorter than glutamate, it is very unlikely that it can both maintain the backbone conformation and the hydrogen bond to the 2ЈOH of the terminal ribose. Yet, the stacking effect should not be changed much. All together we see an effect similar to E259A, probably due to a missing coordination to the 2ЈOH group.
A residue with an aromatic ring system like tyrosine was expected to improve the stacking effect, and the terminal OH of the Tyr residue should be able to participate in hydrogen bond formation. The results obtained for mutant E259Y on the other hand show totally abolished tRNA binding. The explanation for this contradiction is probably that the Tyr side chain is too large to replace the Glu residue positioned in the wild-type protein.
When the Glu259 is mutated to Gln then there are nearly no changes in the binding affinities for the tRNA molecule. This substitution changes the native residue to one that is almost the same size, the only size difference is a couple of H-atoms on the nitrogen of the amide group. This residue will fit into the same space as Glu, so there is no change in spatial requirements, and the backbone will probably stay in the same conformation as in the wild type, so the coordination to the nitrogen of the amino acid on the tRNA will be maintained. With regard to the stacking, the π-electron system in the carboxylate group is substituted but the aliphatic chain is the same and a π-electron system is still represented in the carbonyl group of Gln.
To investigate the biological function of the EF-Tu mutants an in vitro translation assay was performed. The mutant E259Y did not sustain any poly(Phe) synthesis, whereas the other three mutants sustained synthesis to the same extent as the wild type. These three mutants were stimulated to the same extent by the guanine nucleotide exchange factor EF-Ts, which indicates that their interactions with EF-Ts and the nucleotides are unaltered. A similar conclusion cannot be made for E259Y but the earlier mentioned interaction with the guanine nucleotides indicate that at least the binding of these are unaltered.
The three mutants E259A, E259D and E259Q do not show the same affinity for tRNA, which is clearly seen by the estimation of the apparent dissociation constant (K d ), but in the poly(U) directed poly(Phe) synthesis they show the same ability to sustain the synthesis. This can be explained by the saturation of the system with respect to the Phe-tRNA Phe concentration. The equilibrium is driven towards formation of the ternary complex.
In free deacylated tRNA the bases at the 3Ј end have a conformation that is sterically impossible to maintain upon aminoacylation . Upon aminoacylation the terminal base is probably shifted to adopt the conformation observed in the ternary complex, where the aminoacyl group is at a maximal distance from the C75 base. If this conformation is seen in free aa-tRNA as well it might promote the binding to EF-Tu, because it fits perfectly into its binding pocket on EF-Tu. tRNA that is not aminoacylated binds poorly to EFTu (Schulman et al., 1974) . EF-Tu has the ability to recognize the aminoacyl group, and Glu259 is critically important in this feature.
Binding of the 3Ј and 5Ј ends of the tRNA molecule are essential in the formation of the ternary complex. A similar binding of this part of the tRNA molecule is observed in aspartyl-tRNA synthetase (AspRS), an aminoacyl-tRNA synthetase (aaRS) of Class II, in complex with its cognate tRNA (Cavarelli et al., 1993) . Upon binding of aa-tRNA to EF-Tu or to the aaRS of Class II similar curvatures in the single-stranded overhang of the tRNAs are induced.
In addition to the binding of the 3Ј and 5Ј ends of the tRNA the aaRSs also recognize the anticodon region, but they do not interact with the T-stem as EF-Tu does . These features of recognition are in accord with their respective roles: EF-Tu recognizes common features of all tRNAs and aaRSs recognize unique features of its cognate tRNA.
Mutations of the terminal base, A76, of aa-tRNA to other bases revealed a decrease in affinity between aa-tRNA and EF-Tu. The hydrophobic platform in the binding pocket on EF-Tu favours a purine base over a pyrimidine base, and a dipole alignment with Glu271 favours an adenine over a guanine. This was supported experimentally, where it was observed that an adenine was preferred over guanine, uracil showed an even weaker binding and the cytosine mutant had a nearly undetectable complex formation. No effect was observed with mutants of C74 and C75 . Similar effects have been observed with experiments concerning peptidyl transfer (Tamura, 1994) .
Whereas the residue Glu271(Glu259) plays a significant role in the formation of the ternary complex, it is not observed to have any particular role in formation of either EF-Tu:GDP, EF-Tu:GTP or in the EF-Tu:EF-Ts complex. The structures of EF-Tu in the GTP-form and the ternary complex are very similar; the ternary complex is more or less assembled of rigid bodies. In the GTP-form, Glu271(Glu259) participates in a hydrogen bond formed between one of the carboxylate oxygens of Glu271(Glu259) and the N-terminal nitrogen [main chain N of Ala1(Ala1)] (Kjeldgaard et al., 1993) . In an earlier study (Mansilla et al., 1997) it was shown that mutation of Arg7(Arg7) influenced the GTP association rate constant. Arg7(Arg7) forms a salt bridge with Asp284(Glu272) of domain 2, which seems to be important for the molecule to obtain the correct, active conformation. Unexpectedly, none of the E259-mutants affected the GTP-association rate remarkably, so this interaction is probably more important for fixing the N-terminal, than it is for Glu271(Glu259) and its functions. However, it should be noted that the thermal factors in this region are rather high making the position of the N-terminal less well-characterized.
Another interaction observed in the GTP-form takes place between Glu271(Glu259) and Arg234(Arg223) (PDB entry 1EFT). Most likely this interaction takes place via a salt bridge formed between the side chains of residues of which main chain atoms participate in forming the β-sheets in the 6-stranded barrel comprising domain 2. The mutation to glutamine (E259Q) can fulfil these two interaction requirements as well as glutamic acid does. For the mutant the coordination to Arg234(Arg223) might be weaker due to the loss of the charged sidechain.
Both in the GDP-structure (Abel et al., 1996; Polekhina et al., 1996) and in the structure of the EF-Tu:EF-Ts complex (Kawashima et al., 1996) , the residue Glu271(Glu259) makes no important structural contacts; it is situated at the surface and points towards the solvent, only the coordination to Arg234(Arg223) is still present. This mutation work involving the conserved residue Glu259 of E.coli EF-Tu shows how important the close packaging of the residues around the 3Ј CCA-Phe end of the tRNA molecule is for its binding to EF-Tu. The total conservation of this residue is probably due to three important requirements: (i) maintenance of the conformation of the backbone, (ii) the size of the amino acid side chain, and (iii) hydrogen bond formation to the 2Ј-OH of the terminal ribose. Our results indicate that this residue could be replaced by glutamine, without loss of functionality. The reason why this residue has never been found in any EF-Tu species is therefore an unanswered but intriguing question. Interestingly, amino acid sequence alignment between four elongation factor SelB species and two EF-Tu sequences have shown that Gln is found at this position in SelB . This study shows that sophisticated biochemical experiments based on structural knowledge are required for explaining structure-function relationships of biological macromolecules, since the biochemical experiments illustrate and expand the information presented in the crystal structure.
